Abstract In trematodes, there is a family of proteins which combine EF-hand-containing domains with dynein light chain (DLC)-like domains. A member of this family from the liver fluke, Fasciola hepatica-FhCaBP4-has been identified and characterised biochemically. FhCaBP4 has an N-terminal domain containing two imperfect EF-hand sequences and a C-terminal dynein light chain-like domain. Molecular modelling predicted that the two domains are joined by a flexible linker. Native gel electrophoresis demonstrated that FhCaBP4 binds to calcium, manganese, barium and strontium ions, but not to magnesium or zinc ions. The hydrophobic, fluorescent probe 8-anilinonaphthalene-1-sulphonate bound more tightly to FhCaBP4 in the presence of calcium ions. This suggests that the protein undergoes a conformational change on ion binding which increases the number of non-polar residues on the surface. FhCaBP4 was protected from limited proteolysis by the calmodulin antagonist W7, but not by trifluoperazine or praziquantel. Protein-protein cross-linking experiments showed that FhCaBP4 underwent calcium ion-dependent dimerisation. Since DLCs are commonly dimeric, it is likely that FhCaBP4 dimerises through this domain. The molecular model reveals that the calcium ion-binding site is located close to a key sequence in the DLC-like domain, suggesting a plausible mechanism for calcium-dependent dimerisation.
Introduction
Calcium ions are important second messengers in the signalling processes of almost all organisms (Berridge et al. 2000) . In order to transduce calcium signals, cells have specialised proteins which sense calcium ion concentrations. Often these proteins respond to calcium ion binding by conformational changes which alter their ability to interact with other proteins, thus allowing them to transduce the signal. A typical eukaryotic cell has a number of these calcium ion sensors, of which the best characterised is calmodulin. This protein consists of two globular domains, joined by an α-helical linker. Each of the globular domains contains two EF-hand structures, each of which can bind one calcium ion (Babu et al. 1985; Babu et al. 1988; Kuboniwa et al. 1995; Zhang et al. 1995) . On binding calcium ions, the globular heads change conformation, revealing a more hydrophobic surface (Gopalakrishna and Anderson 1985; Zhang and Yuan 1998) . In some cases, these hydrophobic surfaces mediate binding to other proteins. Hydrophobic interactions are also responsible for interactions with some calmodulin antagonists, for example, trifluoperazine (TFP) binds to calmodulin through hydrophobic clefts on the surface of the protein (Cook et al. 1994; Matsushima et al. 2000; Vandonselaar et al. 1994) .
It is becoming clear that flatworm parasites belonging to the class Trematoda express a variety of calcium-binding proteins in addition to calmodulin. Some of these calciumbinding proteins appear to be unique to this group of organisms. All trematodes are parasites, and many are of major medical and economic importance such as the blood flukes Schistosoma mansoni and Schistosoma japonicum and the liver flukes Fasciola hepatica, Fasciola gigantica and Clonorchis sinensis. Thus, the investigation of key signalling molecules, particularly those which are unique to the parasite, has value in the identification and characterisation of potential drug targets. In the case of F. hepatica, this is especially important given the emergence of resistance to the current drug of choice, triclabendazole (AlvarezSanchez et al. 2006; Brennan et al. 2007; Fairweather 2005; Fairweather 2009; Mitchell et al. 1998; Overend and Bowen 1995; Thomas et al. 2000) .
These unusual trematode calcium-binding proteins include molecules which are predicted to have similar overall structures to calmodulin, for example, the F. hepatica calmodulin-like proteins FhCaM2 and FhCaM3 (Russell et al. 2007; Russell et al. 2012 ). There are also proteins which, although they contain one or more EF-hands, do not conform to the overall structure of calmodulin. For example, there is a family of small (8 kDa) proteins in trematodes which contain only one EF-hand which includes Fh8 from F. heptatica, Sm8 from S. mansoni and SjCa8 from S. japonicum (Abath et al. 2002; Fraga et al. 2010; Hu et al. 2008 ). There are also proteins which incorporate EF-hands in combination with other domains, for example, those which combine EF-hands with a dynein light chain (DLC) domain. Such proteins have been identified in S. mansoni (Sm22.6), S. japonicum (Sj22.6), Schistosoma haematobium (Sh22.6), F. gigantica (FgCaBP1, FgCaBP2 and FgCaBP4), F. hepatica (Fh22), Opisthorchis viverrini (OvCaBP) and C. sinensis (CsTP31.8 and CsTegu21.6; Fitzsimmons et al. 2004; Huang et al. 2007; Kim et al. 2012; Ruiz de Eguino et al. 1999; Senawong et al. 2012; Stein and David 1986; Subpipattana et al. 2012; VichasriGrams et al. 2006; Waine et al. 1994) . Several of these proteins have been localised to the tegument (Subpipattana et al. 2012; Vichasri-Grams et al. 2006) , the outer surface of trematodes which provides the interface between the worm and its host and which is the route of entry for many anthelmintic drugs . Consistent with this tegumental localisation, Sj22.6 and Sh22.6 have been shown to initiate an IgE-mediated immune response in infected humans (Fitzsimmons et al. 2004; Santiago et al. 1998) . In this study, we characterise the biochemical properties of the F. hepatica equivalent of FgCaBP4, which we name FhCaBP4.
Materials and methods

Cloning, expression and purification of FhCaBP4
The coding sequence for FhCaB4 was amplified from a F. hepatica EST library (clone Fh49c10) by PCR using primers which incorporated sequences which enabled cloning into the expression vector pET46 Ek/LIC (Merck, Nottingham, UK). This vector inserts base coding for the amino acid sequence MAHHHHHHVDDDDK at the 5′ end of the coding sequence. Following cloning into this vector using the manufacturer's recommended protocol, insertion was verified by restriction digestion, PCR and DNA sequencing of the insert (MWG Biotech, Ebersburg, Germany). The coding sequence has been submitted to the GenBank database with accession number JQ792170.
The plasmid was transformed into competent Escherichia coli HMS174(DE3) and a colony resulting from this transformation was grown and shaken overnight at 37°C in Luria-Bertani (LB) medium supplemented with 100 μg ml −1 ampicillin. This culture was then diluted into 1 l of LB (supplemented with 100 μg ml −1 ampicillin) and grown and shaken at 37°C until A 600 nm reached 0.6 to 1.0 (typically 3-4 h). At this time, the cultures were induced with 1 mM IPTG and grown for a further 2-3 h. Cultures were harvested by centrifugation (4,200×g for 15 min at 4°C), resuspended in approximately 20 ml buffer R (50 mM HEPES-OH, pH 7.5, 150 mM NaCl, 10 % (v/v) glycerol) and stored, frozen at −80°C. Cell suspensions were thawed and the cells disrupted by sonication on ice (three 100 W, 30 s pulses with 30-60 s gaps in between for cooling). Solid matter was removed by centrifugation (20,000×g for 20 min at 4°C). The supernatant was applied to a 1-ml nickel-agarose column (HisSelect, Sigma, Poole, UK) which had been previously equilibrated in buffer W (buffer R, except 500 mM NaCl) and allowed to pass through under gravity. The column was then washed with buffer W (20 ml) and the protein eluted by the application of three 2-ml aliquots of buffer E (buffer W supplemented with 250 mM imidazole). Fractions containing FhCaBP4 were identified by 10 % SDS-PAGE, dialysed overnight against buffer D (buffer R supplemented with 2 mM DTT), divided into 50-100 μl aliquots and stored, frozen at −80°C. Protein concentrations were determined by the method of Bradford (1976) , using BSA as a standard.
Bioinformatics
Sequence alignments were carried out using ClustalW (Thompson et al. 2002) as implemented at the Kyoto University Bioinformatics Centre (http://www.genome.jp/ tools/clustalw/) in the 'slow, accurate' mode using the gap opening penalty of 10, a gap extension penalty of 0.05 and the BLOSUM weighting matrix.
Molecular modelling
The protein sequence of FhCaBP4 was submitted to the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2) for homology modelling in the intensive mode (Kelley and Sternberg 2009 ). The resulting model was solvated and energy minimised using YASARA (http://www.yasara.org/minimiza tionserver.htm; Krieger et al. 2009 ). A calcium ion was introduced into the structure by reference to a template structure (mouse Reps1 EH domain; PDB ID: 1FI6; Kim et al. 2001) and the model reminimised using YASARA. This final model is provided as supplementary data to this paper.
Native gel electrophoresis
Divalent metal ion binding was assessed using native gel electrophoresis under conditions based on previous studies of calmodulin-like proteins (Russell et al. 2007 ). FhCaBP4 (80 μM) was incubated at room temperature in the presence of EGTA (2 mM) and cations (4 mM) for 25 min. Then an equal volume of native gel loading buffer (120 mM Tris pH 6.8, 20 % (v/v) glycerol, 5 % (w/v) bromophenol blue, 1 % (w/v) DTT) was added. Samples were analysed on 10 % (w/v) native polyacrylamide gels (pH 8.8) at 20 mA (constant current). Gels were stained with Coomassie blue (dissolved in 45 % (v/v) ethanol, 10 % (v/v) glacial acetic acid) and destained in 0.75 % (v/v) glacial acetic acid, 0.5 % (v/v) ethanol.
ANS fluorescence assays FhCaBP4 (5 μM) was incubated for 1 h at 37°C with either 1 mM CaCl 2 or 1 mM EGTA in the presence of 20 μM 8-anilinonaphthalene-1-sulphonate (ANS) in a total volume of 150 μl in a FluoroNunc™ black 96-well plate. The negative control contained 10 mM HEPES pH 8.8 and 20 μM ANS. The fluorescence spectrum (440 to 510 nm; excitation wavelength, 350 nm) was recorded using a Spectra Max Gemini XS fluorescence plate reader and SOFTmax PRO software.
Cross-linking
FhCaBP4 (30 μM) was incubated for 1 h at 37°C with 1 mM EGTA or 1 mM CaCl 2 . 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) was then added to a final concentration of either 7 or 70 μM. The reactions were allowed to proceed for 30 min at 37°C and were halted by the addition of an equal volume of SDS-PAGE loading Fig. 1 The sequence of FhCaBP4. a The protein sequence of FhCaBP4 is shown with the EF-hands marked (period indicates potential ion-coordinating residues) and the interdomain linker marked with the similar to sign. b Bioinformatic analysis (alignment by ClustalW followed by construction of a rooted, unweighted pair group method with arithmetic mean tree with branch length) shows the sequence relationship between FhCaBP4 and similar proteins. Sm22.6 S. mansoni 22.6 kDa calcium-binding protein (AAA29922), Sh22.6 S. haematobium 22.6 kDa calcium-binding protein (AAW49250), Sj22.6 S. japonicum 22.6 kDa calcium-binding protein (AAB52407), Fh22 F. hepatica 22 kDa calcium-binding protein (CAA06036), FgCaBP1 F. gigantica calcium-binding protein 1 (AAZ20312), FgCaBP3 F. gigantica calcium-binding protein 3 (AEX92828), FgCaBP4 F. gigantica calcium-binding protein 4 (AEX92829), CsTegAnt C. sinensis tegumental antigen (GAA56892), OvCaBP O. viverrini calcium-binding protein (no accession number currently available), CsTegu21.6 C. sinensis 21.6 kDa tegumental antigen (AEI69651) buffer (120 mM Tris-HCl pH 6.8, 4 % (w/v) SDS, 20 % (v/v) glycerol, 5 % (w/v) bromophenol blue, 1 % (w/v) DTT) and heating to 95°C for 5 min. Products were analysed by 15 % SDS-PAGE.
Limited proteolysis
FhCaBP4 (40 μM) was incubated for 5 min at 37°C in the presence of TFP, N-(6-aminohexyl)-5-chloro-1-naphthalenesulphonamide (W7) or praziquantel (each 250 μM; stocks initially dissolved in DMSO and further diluted in buffer R such that the final concentration of DMSO in the reactions was 1 % (v/v)). Chymotrypsin was added to a final concentration of 36 nM. Digestion proceeded for 30 min at 37°C. Products were analysed by 15 % SDS-PAGE.
Results
FhCaBP4 is a member of a family of trematode calciumbinding proteins which contain EF-hand and dynein light chain-like domains
The deduced protein sequence of FhCaBP4 is identical to that of FgCaBP4 (Fig. 1) . This is not surprising since the two species are very closely related. Other than FgCaBP4, the most similar, currently known protein to FhCaBP4 is a tegumental antigen from C. sinensis (accession number: GAA56892). FhCaBP4 has a predicted molecular mass of 22.3 kDa and an estimated pI of 5.0. Sequence analysis predicted that the protein has a domain containing two EFhand-like sequences at the N-terminus (residues 1-86) and a DLC-like domain at the C-terminus (residues 103-190).
Molecular modelling predicts that these two domains fold essentially independently of each other and are joined by a flexible, partly unstructured linker (Fig. 2a) . Neither of the two EF-hands contains a perfect, consensus sequence for calcium binding (Figs. 1 and 2b, c) . Indeed, the highest ranked template to include a bound ion (mouse Reps1 EH domain; PDB ID: 1FI6) contains only one calcium in the structure, corresponding to the second EF-hand in FhCaBP4 (Kim et al. 2001 ). This calcium ion was used to model the position of the equivalent ion into FhCaBP4 (Fig. 2a, c) . In a typical EFhand, six residues (known as X, Y, Z, −X, −Y and −Z) provide pentagonal bipyramidal coordination of the divalent cation (Gifford et al. 2007 ). In both EF-hands, the seventh amino acid residue (or −Y position) fails to match the consensus. In the first EF-hand, this residue is isoleucine, and in the second, it is lysine (Fig. 2b, c) . However, calcium binding appears to be possible at the second EF-hand because the positively charged side chain of lysine is orientated away from the ion (Fig. 2c) . The DLC-like domain showed some differences to typical DLC structures. In the top-ranked template (human PIN/LC8; PDB ID: 1CMI), dimerisation is mediated by an inter-subunit β-sheet (Liang et al. 1999 ). In the model of FhCaBP4, the equivalent region does not adopt any recognisable secondary structure (Fig. 2a) .
FhCaBP4 binds calcium and other divalent cations
Recombinant FhCaBP4 can be expressed in, and purified from, E. coli (Fig. 3) . Typical yields were 14 mg of FhCaBP4 per litre of bacterial culture. The ability of this recombinant protein to interact with calcium and other divalent ions was assessed by native gel electrophoresis. The addition of the calcium chelating agent EGTA increased the mobility of the protein in native gel electrophoresis (Fig. 4a) . Addition of EGTA and calcium chloride in a 1:2 molar ratio restored the mobility of FhCaBP4 to that of the untreated protein. This suggests that the protein, as purified from E. coli, was largely in a calcium-bound form. Manganese, barium and strontium, but not magnesium or zinc chlorides, also induced the slower migrating form when added in twofold excess over EGTA (Fig. 4a) . Calmodulin, and some other EF-hand-containing proteins, undergo a conformational change in the presence of calcium ions which exposes hydrophobic residues on the surface of the protein (Gopalakrishna and Anderson 1985; Zhang and Yuan 1998) . This increased surface hydrophobicity can be detected through the binding of ANS, which undergoes a marked increase in fluorescence intensity when bound in a hydrophobic environment (Bunick et al. 2004 ; Fraga et al. 2010; LaPorte et al. 1980; Stryer 1965) . In the case of FhCaBP4, the addition of calcium chloride causes an increase in the ANS fluorescence emission intensity compared to spectra collected in the presence of EGTA (Fig. 4b ).
FhCaBP4 forms dimers in the presence of calcium ions
Many EF-hand proteins, including calmodulin and the S100 family, can form dimers and higher order oligomers (Lafitte et al. 1999; Streicher et al. 2010) . Cross-linking of FhCaBP4 with EDC revealed the presence of dimers in the presence of calcium chloride, but not in the presence of EGTA (Fig. 5a ).
FhCaBP4 interacts with the calmodulin antagonist W7
The interaction of FhCaBP4 with two calmodulin antagonists, TFP and W7, was probed by limited proteolysis. The interaction with praziquantel, which has been shown to interact with the structurally related protein, myosin regulatory light chain (Gnanasekar et al. 2009 ), was also investigated. FhCaBP4 can be degraded by sub-stoichiometric amounts of chymotrypsin (Fig. 5b) . The solvent used to dissolve the drugs (DMSO) does not affect the pattern of proteolysis; neither does TFP or praziquantel. However, the presence of W7 resulted in protection from limited proteolysis (Fig. 5b) .
Discussion
FhCaBP4 is a member of an extensive family of trematode proteins which contain EF-hand and DLC domains. Despite imperfection in the consensus sequences of the EF-hands, the protein is able to bind at least one calcium ion. The binding site also tolerates other divalent cations. However, it is likely that calcium represents the normal, physiological ligand for FhCaBP4 since the other ions are unlikely to be present at significant concentrations in the organism's cells. Binding to calcium ions has two effects on the protein: it causes increased surface hydrophobicity, presumably in a similar manner to other EF-hand proteins and it induces homodimerisation of the protein. The structural nature of this dimerisation is unknown. Both EF-hand proteins and DLCs are known to dimerise (Barbar et al. 2001; Lafitte et al. 1999) . Indeed, the majority of DLC structures are dimers. For FhCaBP4 to undergo calcium-dependent dimerisation, it would either need to dimerise through the EF-handcontaining domain or calcium binding to the EF-hands would need to influence the DLC-like domain. The first possibility would require an unusual DLC-like domain which is unable to dimerise; the second would require allosteric communication within the molecule. The molecular model of the protein generated a monomer, in which a key β-strand normally seen in DLCs is in an unstructured conformation. In dimeric DLCs, this sequence forms an inter-subunit β-sheet across the dimer interface (Liang et al. 1999; Mohan and Hosur 2009) . Interestingly, the putative calcium ion-binding site is located adjacent to this region (Fig. 2a) . Therefore, it is possible that calcium binding can influence its structure and, thus, dimerisation. FgCaBP4 has been localised to the tegument, as have a number of other members from this protein family, although the absence of an immune response to it in infected animals would suggest that it is neither secreted nor exposed on the external surface of the apical plasma membrane (Kim et al. 2012; Subpipattana et al. 2012) . We assume that FhCaBP4 has a similar localisation. However, the physiological role of this, and other similar proteins, remains unclear. The existence of several family members within a single species suggests that each protein might have specialised roles in calcium sensing and signalling. Thus, identification of their protein binding partners would assist in predicting functions, as would selective knock-down using RNAi. The latter approach would also determine whether or not any of these proteins are essential for the organism's life cycle and are thus potential drug targets. That W7 interacts with FhCaBP4, whereas TFP does not, suggests that there are differences in the structure of the binding site, compared to calmodulin and other related proteins. These differences could be exploited in the design of specific antagonists. In addition, experimental determination of their structures in the calcium-bound and calcium-free forms would enhance our understanding of calcium-induced conformation changes. Structural work would also form the foundation for structure-based drug design in the event that these proteins are shown to be viable drug targets for the treatment of liver fluke infections.
